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The distribution of p-aminohippuric acid in rat kidney slices.
I. Tubular localization. Tubular localization of tritiated p-amino-
hippuric acid (PAH) was determined by section freeze-dry auto-
radiography in rat renal cortical slices in vitro. Autoradiographs
were also prepared from tissue after incubation in tritiated
alpha-aminoisobutyric acid (AIB), tritiated methoxy-inulin and
14C-sucrose. PAH and AIB were concentrated in the cells of
proximal tubules. Inulin and sucrose were confined to the extra-
cellular spaces. Neither AIB, inulin nor sucrose could be de-
tected within the lumina of proximal tubules. Of the compounds
studied, only PAH appeared in significant concentrations in the
lumina of proximal tubules. PAH appeared to be secreted by
uphill transport at both the antiluminal and luminal surfaces of
proximal tubule cells. AIB appeared to be accumulated in proxi-
mal tubule cells by transport across the antiluminal membrane.
Distribution de l'acide para amino hippurique dans les tranches
de rein de rat. I. Localisation tubulaire. La localisation tubulaire
du PAH tritié a été déterminée dans des tranches de cortex
renal de rat, in vitro, par autoradiographie de coupes aprés
congelation. Des autoradiographies ont aussi été préparées a
partir de tissu ineubé dans l'acide alpha amino isobutyrique
tritié (AIB), dans la méthoxy inuline tritiée et dans le '4C-
sucrose. Le PAH et l'AIB étaient eoncentrés dans les cellules du
tube proximal. L'inuline et le sucrose restaient confines aux
espaees extraeellulaires. Ni l'AIB ni l'inuline nile sucrose n'ont
pu être détectés dans Ia lumiére du tube proximal. Parmi les
composes étudiés seul le PAH apparait a des concentrations
significatives dans la lumlére du tube proximal. Le PAH parait
étre secrété par transport actif aux poles antiluminal et luminal
de la cellule tubulaire. L'AIB parait étre accumulé dans la cellule
proximale par transport a travers Ia membrane antiluminale.
Transepithelial renal tubular transport of organic acids
against a concentration gradient is believed to be an active
energy-requiring process closely linked to oxygen utili-
zation [1, 2]. Cellular accumulation of organic acids has
been shown to accompany transepithelial transport in vivo
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in mammals [3—6], flounder [2] and Necturus [7]. For com-
pounds such as p-aminohippuric acid (PAH) that are
secreted by the tubule, it is generally thought that active
transport occurs at the antiluminal surface of the proximal
tubule. In mammals, secretory transport across the anti-
luminal membrane is associated with cellular accumulation
and is believed to result in diffusion down an electro-
chemical gradient through the cell to the tubular fluid
[2, 8—16]. In spite of the prevailing view that movement of
secreted organic acids from cell to lumen is by diffusion,
a more complex process at the luminal membrane has been
suspected [15, 17—19]. For reabsorbed compounds such as
amino acids, the site of active transport is usually thought
to be the luminal surface of the cell [20]. Permeability of the
peritubular membranes to amino acids and sugars from the
antiluminal side has, however, recently been demonstrated
[21—25].
In vitro studies of the uptake of organic acids by mamma-
lian kidney slices have proved convenient for examination
of transport mechanisms [26]. However, the cells responsible
for transport and the sites of sequestration of accumulated
organic compounds have not previously been determined
directly in mammalian kidney slices. Section freeze-dry
autoradiography provides a direct method for examining
the intrarenal distribution of diffusible, radioactively
labeled molecules [27]. This technique minimizes diffusion
of water-soluble molecules in tissue by rapid freezing and
avoidance of contact with water or organic solvents prior
to autoradiography. It therefore permits an appraisal of the
cellular distribution of compounds which might be dis-
placed under other preparative conditions. We have used
section freeze-dry autoradiography to determine the intra-
renal distribution of tritiated PAH in renal cortical slices.
In order to detect any systematic artifact of the autoradio-
graphic technique, the distribution pattern obtained with
PAH was compared to that of representative reabsorbed
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and extracellular labeled compounds. The synthetic amino
acid, tritiated alpha-aminoisobutyric acid (AIB), was used
as an example of compounds reabsorbed by the tubule.
Tritiated methoxy-inulin and 14C-sucrose were used to
demonstrate the distribution patterns of compounds re-
stricted to the extracellular space. All compounds studied
are probably not subject to significant metabolic degra-
dation in kidney slices.
Materials and methods
(Jnfasted male Sprague-Dawley rats were exsanguinated
by decapitation and the kidneys placed in cooled incubation
medium for less than five minutes prior to slicing in the
plane perpendicular to the long axis of the kidney in a
Stadie-Riggs microtome. Four outer cortical slices (ex-
cluding the pole slice) were placed in a 25 ml Erlenmeyer
flask containing 3 ml of incubation media. For PAH studies,
medium was prepared as described by Cross and Taggart
[26], with 10 m acetate and 1.3 mg/l00 ml PAH. The
slices were incubated at 25° C for 90 to 180 minutes
in a Dubnoff metabolic shaker with continuous flow of
humidified 100% oxygen. For studies with AIB the slices
were incubated in Krebs-Ringer bicarbonate containing
0.12 mrvi tritiated AIB at 37° C using 5% carbon dioxide
and 95% oxygen as the gas phase [28]. The effects of
Krebs-Ringer bicarbonate, higher temperatures and ab-
sence of acetate on PAH slice distribution were examined
in separate studies. Slices used for methoxy-inulin (40 mg/
100 ml) autoradiography were incubated under the condi-
tions described for both PAH and AIB. 14C-sucrose (3.8
mM) distribution in kidney slices was studied in Cross and
Taggart medium at 25° C for 90 minutes. '4C-sucrose
(5.2 mCi/mM) and p-aminohippuric-(glycyl-2-3H) acid (108
mCi/mM) were obtained from the New England Nuclear
Corp., Boston, Mass. Alpha-aminoisobutyric-(methyl-3H)
acid (817 mCi/mM) and inulin methoxy-3H (4.2 Ci/mM) were
obtained from ICN Corp., Irvine, Calif. Media radioacti-
vity concentrations were approximately 300 iCi/ml for
inulin, 40 jsCi/ml for AIB, 20 pCi/mi for sucrose and
7 pCi/mi for PAH.
When incubation was completed, one slice from each
flask was removed, placed on aluminum foil and plunged
into an isopentane-propane mixture cooled to — 170° C
with liquid nitrogen. Slice-to-medium concentration ratios
were determined from the remaining three slices using a
Packard 3320 liquid scintillation system. Section freeze-dry
autoradiography was performed as previously described
[29]. Briefly, after snap-freezing, sections 3 p thick were cut
from each slice in a closed cryostat operating below — 35° C.
Freeze-drying was completed overnight under vacuum at
—70° C. The unembedded freeze-dried sections were placed
on microscope slides previously coated with Kodak NTB2
liquid nuclear emulsion. Exposure time varied from one to
eight weeks depending upon tissue radioactivity concen-
tration and exposure level desired for photomicrography.
Photomicrographs intended to show cellular morphology
were made from autoradiographs having shorter exposures
than those designed to show overall PAH distribution pat-
terns. After completion of the autoradiographic exposure
the sections were fixed, the autoradiographs were developed,
and the tissue was stained by a modified periodic acid-
Schiff and hematoxylin method [30].
Fig. 1. Phase-contrast image of freeze-dried unembedded section of kidney cortex after incubation in Cross and Taggart medium for
90 minutes at 25° C showing a group of widely patent proximal tubules containing intraluminal debris including extruded nuclei. Linear
breaks represent sectioning artifacts (x 666).
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Fig. 2. PAH-3H distribution in renal cortical slice after 180-minute incubation in Krebs-Ringer bicarbonate buffer at 37° C. The deeper
regions of the slice on the left show signs of anoxia-induced necrosis of tubules. Highest radioactivity is seen in the lumen of the
deepest viable portions of proximal tubules (right). Sectioning artifact is present at the slice surface. Radioactivity outside the tissue
(at right of figure) arises from freeze-dried media adherent to the slice surface. PAS and hematoxylin stain (original magnification
x 65).
Fig. 3. PAH-3H distribution in renal
cortical slice after 180-minute incubation
in Cross and Taggart medium at 25° C.
Maximum autoradiograph grain density
underlies lumina of proximal tubules.
Radioactivity within cells is higher than
that in interstitium, glomerulus (G) or
distal tubule (D), which show negligible
grain density (x 508).
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Results
Histologic appearance. Proximal tubules located in the
subcapsular region were collapsed, whereas tubular lumina
from slices taken from deeper portions of the kidneys were
dilated (Fig. 1). The dilated proximal tubule lumina were
frequently filled with proteinaceous material, sometimes
including extruded nuclei [31 and Fig. 9 in Ref. 32]. In
some studies, sectioning artifact was prominent, appearing
as regular, longitudinal breaks in the sections. Anoxia-
induced cellular damage was evident in the deeper regions
of the slices (Fig. 2). Cellular morphology always showed
poorer preservation in slices incubated at 37° C than at
25° C.
PAH. Slices of renal cortex incubated in media containing
PAH showed accumulation of radioactivity in the cells of
proximal tubules (Figs. 3—5). Maximum radioactivity
appeared within the lumina of proximal tubules. Distal
Fig. 4. PAH-3H distribution in a renal cortical slice after 180-
minute incubation in Krebs-Ringer bicarbonate buffer at 37° C.
Two straight proximal segments (S) and a straight distal tubular
segment (D) are located near one end of the slice. The longer
straight segment is 0.32 mm. Highest PAH accumulation is
demonstrated in the straight segments of proximal tubules. The
slice is 0.38 mm thick and shows full-thickness uptake of PAH
at the end of the slice. Autoradiograph grains outside of tissue
arise from freeze-dried media adherent to the slice surface.
G, glomcrulus (x 238).
tubules and glomeruli showed no accumulation of radio-
activity. Straight segments of proximal tubules, identified
when sectioned longitudinally, showed greater cellular
accumulation of PAH than did convoluted proximal seg-
ments (Fig. 4). The frequency of high luminal PAH con-
centrations was increased by incubation of the slices at
37° C. The intense luminal radioactivity demonstrated at
37° C tended to be confined to tubules located in the deepest
regions in which there was cellular accumulation of PAH
(Figs. 2, 4, 5). The tubular distribution pattern of PAH was
unaltered by changes in incubation time, acetate or the use
of Krebs-Ringer bicarbonate buffer.
It is possible that the apparent high radioactivity arising
from proximal tubule lumina, compared to that arising
from cells, was an artifact due to absorption of the weak
tritium beta emission by cellular constituents. However,
since the water content of kidney cortex is about 77 % of
wet weight [28, 33], the maximum absorbing thickness
(area-concentration) in 3 jJ freeze-dried sections is about
0.07 mg/cm2. According to published absorption curves for
tritium, the freeze-dried cells in our preparation would
reduce autoradiograph grain density approximately 75%
[34, 35]. Since visual inspection of Figs. 2, 3, 4 and 5 reveals
that the increase in grain density over some proximal tubule
lumina is at least one order of magnitude greater than that
over cells, it is apparent that this difference is not due to
beta absorption by cellular structures. Using the more
energetic beta emitter 14C, which is subject to even less
tissue absorption than the tritium beta emission, we have
confirmed the presence of uphill luminal accumulation of
PAH. The high radioactivity arising from proximal tubule
lumina therefore appears to represent a significant increase
in PAH concentration within the lumina as compared to
cells of proximal tubules.
Inulin and sucrose. Inulin appeared to be distributed only
in the extracellular space, but not all extracellular regions
showed radioactivity arising from inulin (Fig. 6). Autoradio-
graph grains arising from inulin corresponded to the spaces
between tubules and to glomeruli (Fig. 6A). Negligible
radioactivity was demonstrated within the cells and lumina
of proximal tubules. The inulin concentration in distal tu-
bule lumina sometimes appeared to be higher than that seen
in freeze-dried medium clinging to the surface of the slice.
Distal tubules located within the deeper portions of the
slice often showed no luminal radioactivity. Blood vessels
which had been emptied during exsanguination and/or
slicing showed luminal radioactivity comparable to that of
the medium (Fig. 6B). The inulin space calculated as a
percent of the wet tissue weight was similar to that reported
by others [36]: 22% for Cross and Taggart medium con-
taining 36 mEq K per liter and 26% for Krebs-Ringer bicar-
bonate containing 5.7 mEq K per liter. Autoradiography
with 14C-sucrose showed poorer resolution than studies
with tritium-labeled compounds, apparently because of the
higher beta energies of the radiocarbon. 14C-Sucrose could,
however, be demonstrated in intertubular spaces and gb-
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Fig. 5. PAH-3H distribution in renal cortical slice after 180-minute incubation in Krebs-Ringer bicarbonate buffer at 37° C. The slice is
0.67mm wide. Depth of uptake is 0.17 mm. Maximum radioactivity is seen in the lumina of proximal tubules located in the deepest
region showing cellular accumulation. PAS and hematoxylin stain. Radioactivity outside the tissue (at top of figure) arises from
freeze-dried medium adherent to the slice surface (original magnification x 20).
meruli but not within the lumina of proximal tubules.
Sucrose was detected in highest concentration within lumina
of some distal tubules. These autoradiographs indicated
that molecules presumed to be confined to the extracellular
space do not diffuse into the lumina of proximal tubules in
slices regardless of the molecular size.
AIB. AIB was found in highest concentrations within the
cells of proximal tubules (Fig. 7). Autoradiograph grain
density underlying glomeruli was greater than background.
No accumulation of AIB was detected in the lumina of
proximal tubules. AIB, like PAH, was accumulated more
avidly in straight than in convoluted proximal segments. In
this respect, AIB was similar in vitro and in vivo, whereas
uptake of PAH in vivo was uniform throughout the proxi-
mal tubules [6, 29].
Discussion
Section freeze-dry autoradiography has permitted direct
demonstration of cellular accumulation of PAH and AIB
in renal cortical slices under commonly employed in vitro
incubation conditions. Transport of PAH uphill from inter-
stitial space to cell, against its concentration gradient, is
consistent with autoradiographic observations made during
in vivo PAH secretion in rat, mouse [29] and Necturus [7].
Similarly, cellular accumulation of AIB has previously been
demonstrated in the proximal tubule of mammals in
vivo [6].
More surprising than cellular accumulation is the auto-
radiographic demonstration of high concentrations of PAH
in the lumina of proximal tubules [10, 37, 38]. After taking
into account beta energy absorption by cell constituents in
the autoradiograph preparations, the high luminal PAH con-
centration still appears to be significant. If the appearance
of PAH in proximal tubule lumina were a technical artifact
of the autoradiography method, a similar distribution
pattern would have been anticipated with the other com-
pounds studied, and no change in the pattern of luminal
PAH would have been expected when incubation tempera-
ture was increased. The exclusion of inulin and sucrose
from the proximal tubule lumen suggests that these channels
were not in open communication with the medium. Proximal
tubules were not in continuity with the medium because of
occlusion at their cut ends and/or luminal plugging by
cellular debris. Since these lumina often remained dilated,
210 Wedeen/ Weiner
it is doubtful either that significant water reabsorption
occurred in proximal tubules during slice incubation or that
PAH entered via the luminal channel.
Uphill transport of secreted compounds from tubule cel'
to lumen has been observed in fish by direct visualization
of phenolsulfonphthalein dyes [39, 43], compounds which
share the PAH transport system, but such luminal accu-
mulation has not been readily reproduced in mammalian
renal cortical slices [3, 8, 44, 471.
While these findings suggest that PAH is actively trans-
ported in the same direction at both the luminal and anti-
luminal surface of the cell, nonspecific binding of PAH by
cellular constituents or partitioning due to preferential
solubility might also account for at least part of the cellular
and luminal accumulation [15]. These studies, therefore,
do not prove that luminal accumulation of PAH in the
Fig. 6. Inulin-methoxy-3H distribution in
renal cortical slice after 90-minute in-
cubation in Cross and Taggart medium
at 25° C. A) Autoradiograph grains are
prominent between tubules and under
glomerulus (G) (x 828). B) Maximum
grain density underlies distal tubule lu-
mina (D). Tritiated inulin from medium
has precipitated within the lumen of a
vein (V) during freezing and/or drying
(x 243).
slice is entirely an active energy-requiring transport process.
Furthermore, the high luminal concentration of PAH seen
in these autoradiographs may not reflect "normal" physio-
logic processes occurring in vivo, but rather may be a
consequence of some ill-defined abnormality of the in vitro
preparation.
These autoradiographs also suggest that slice accumu-
lation of AIB does not reflect transepithelial reabsorptive
transport of this amino acid. Since the autoradiographs
prepared after incubation in inulin or sucrose showed no
entry of these compounds into lumina of proximal tubules,
AIB presumably also was excJuded from this luminal
channel and therefore was probably not available for
reabsorptive transport. Cellular accumulation of AIB in
renal cortical slices therefore appears to be the result of
transport across the antiluminal membrane. These findings
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Fig. 7. Alpha-aminoisobutyric- (methyl-
3H) acid distribution in renal cortical
slice after 90-minute incubation in
Krebs-Ringer bicarbonate medium at
370 C. Maximum grain density under-
lies cells of proximal tubules. G, gb-
merulus (x 332).
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suggest that AIB accumulated in proximal tubule cells in
association with tubular reabsorption in vivo may, in part,
enter the cell from the peritubular direction. This con-
clusion is consistent with recent observations concerning
the renal handling of natural amino acids and sugars in
vivo [21—25].
As with PAH, it is possible that cellular accumulation of
AIB in slices in part represents nonspecific binding to
cellular constituents or partitioning due to solubility rather
than active transport [48]. Since intracellular amino acids
are believed to be in a free state in vivo [49], it seems likely
that intracellular AIB is unbound in slices as well. While
these autoradiographs indicate that bidirectional transport
of amino acids occurs at the antiluminal side of the cell, the
situation at the luminal side remains uncertain. The absence
of detectable AIB in the lumen of proximal tubules in our
autoradiographs may be interpreted as evidence for simul-
taneous reabsorption and secretion at the luminal membrane
or, alternatively, as evidence for the absence of AIB secre-
tion in slices.
The autoradiographs prepared after incubation of kidney
slices in medium containing tritiated methoxy-inulin or
'4C-sucrose indicate that these extracellular compounds are
excluded from the lumina of proximal tubules. These mole-
cules, however, apparently have free access to some distal
tubule lumina. These distal tubules, therefore, appear to
be in open communication with the medium. Plugging by
cellular debris was not observed within distal tubules in
slices. The high concentration of labeled extracellular com-
pounds in distal tubule lumina compared to that in the
interstitial spaces, veins or in surrounding freeze-dried
medium, suggests that reabsorption of water may occur in
the distal nephron during slice incubation, leading to bulk
flow of the medium into the cut end of distal tubules.
In summary, these autoradiographic observations in
kidney slices indicate that PAH is transported uphill at
both the peritubular and luminal surfaces of proximal tubule
cells into the lumen. Uphill transport of AIB could only be
demonstrated at the peritubular surface of proximal tubules
in the in vitro preparation. In addition, these studies in-
dicate that the proximal tubule is not in open communi-
cation with the incubation medium, but that some move-
ment of media occurs into the cut ends of distal tubule seg-
ments.
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